Background. The prevalence of chronic kidney disease (CKD) at high altitude is not known. We conducted a population-based survey in Tibet to identify the prevalence and associated risk factors of CKD in subjects living at altitudes of >3500 m. Methods. One thousand two hundred and eighty-nine Tibetans (≥18 years) from four districts of Lhasa city (altitude 3658 m) and eight villages of Dangxiong County (altitude 4200 m) were interviewed and tested for haematuria, albuminuria and estimated glomerular filtration rate (eGFR). Results. The adjusted prevalence of hypertension, albuminuria, haematuria and reduced eGFR were 38.8% (95% CI: 36.2-41.5%), 16.2% (95% CI: 14.1-18.2%), 3.9% (95% CI: 2.8-4.9%) and 2.1% (95% CI: 1.3-2.9%), respectively. Both the presence of hypertension and the presence of albuminuria were strongly and independently associated with hyperuricaemia and elevated haematocrit. Conclusions. This is the first population-based epidemiological study of CKD in the Tibetan population. We found a higher prevalence of CKD and associated high prevalence of albuminuria, hypertension, hyperuricaemia and high haematocrit in the Tibetan population. The present study indicates the urgent need to develop comprehensive strategies targeted at reducing the CKD burden in this area and may lead to a better understanding of CKD in highaltitude populations.
Introduction
Diabetes, obesity, hypertension and cardiovascular disease are increasing in frequency throughout the world and is mirrored by an increase in the prevalence of chronic kidney disease (CKD). Studies have linked the increase in diabetes, obesity and CKD to the introduction of Western diet and culture. The epidemic has been observed even in remote areas of the world. Indigenous populations appear to be at increased risk for developing diabetes, obesity and renal disease as evident in the Maori, the Australian Aborigine and the Native American Indian.
We have previously reported that a high prevalence and low awareness of CKD in the adult population of Guangzhou city in southern China where the altitude is lower (altitude 11 m) and the economy is developed [1] . However, little attention has been paid to the prevalence of hypertension, diabetes or CKD in the population of Tibet, a high-altitude area in China. Tibet is a distinct area in cultural background and lifestyle, it has a relatively lower economic development and living standard compared with most other areas of the world, and is also a community in which the residents live year-round at high altitude. We therefore assessed the prevalence of CKD in this population and evaluated whether the frequency of CKD correlated with the prevalence of diabetes and obesity as observed in other populations.
Materials and methods

Study population
This was a cross-sectional study of CKD and associated risk factors in the general Tibetan adult population in Lhasa city and Dangxiong County of Lhasa city. All subjects were local Tibetan residents aged 18 years or older and selected using a stratified, multistage sampling method. In the first stage, two districts were randomly selected from Lhasa city, one from downtown and another from a suburban area-Dangxiong County. In the second stage, four streets were randomly selected from the former selected downtown district, and eight villages were selected from Dangxiong County. In the final stage, a simple randomized method was used to select households. In the selected households, all subjects who met the inclusion criteria were selected.
A total of 1355 subjects aged 18 years or older were selected from 12 primary sampling units and were enrolled into the study; of these subjects, 1289 subjects completed the whole survey with a response rate of 94%. The study was approved by the Sun Yat-sen University and local Human Ethics Committees. Written informed consent was obtained from all individuals.
Screening protocol and evaluation criteria
All staff who participated in this study are doctors and medical school students, who received intensive training for epidemiologic screening methods. Data were collected at local health stations or community clinics. A questionnaire form, which includes sociodemographic status (e.g. age, sex, income, education level, etc.), personal and family health history (e.g. hypertension, diabetes, kidney disease, etc.) and lifestyle behaviour (e.g. smoking and drinking), was completed by each subject. History of taking potentially nephrotoxic medications (including nonsteroidal anti-inflammatory drugs and herbs containing aristolochic acid) was also recorded.
Anthropometric measurements were obtained using standard protocols and techniques. After removal of shoes and heavy clothing, each subject underwent weight, height and waist measurements, using a calibrated scale. Body mass index (BMI) was calculated. Fasting venous blood sample was collected for measuring various biomarkers. A clean-catch, midstream, morning urine specimen was collected for dipstick urinalysis (Roche Diagnostics, Mannheim, Germany) and microscopic analysis at the local survey site. Fasting blood glucose was measured enzymatically with a glucose oxidase method (FDC-3500; 7000 Japan SYSMEX) at a local hospital. All blood and urine samples were refrigerated at −20°C, transferred and tested in the centre laboratory of the First Affiliated Hospital, Sun Yat-sen University.
Albuminuria. Albuminuria and creatinine were measured on a morning urine sample using an automatic analyser (COBAS INTEGRA 400 plus, Swiss Roche). Creatinine was measured by Jaffe's kinetic method, and albuminuria was measured by immunoturbidimetric methods. Urinary albumin-to-creatinine ratio (ACR, milligram per gram) was calculated. Microalbuminuria and macroalbuminuria were defined according to the guideline of American Diabetes Association as an increase in ACR between 30 and 299 mg/g and 300 mg/g or over, respectively. The term 'albuminuria' was used to describe the presence of either microalbuminuria or macroalbuminuria.
Estimated glomerular filtration rate. Serum creatinine (Scr) was measured by the same methods of urinary creatinine. Estimated glomerular filtration rate (eGFR) was calculated using the estimating equation which was developed by modifying the Modification of Diet in Renal Disease (MDRD) equation based on the data from Chinese CKD patients [2] , and reduced renal function was defined as an eGFR <60 mL/min/1.73 m Haematuria. Dipstick testing (Roche Diagnostics, Mannheim, Germany) of morning spot urine samples were performed at local survey sites. Subjects with haematuria of 1+ or greater were confirmed by microscopic analysis. Three or more red blood cells by one high-power field were considered abnormal. Women who were menstruating were excluded from the urine test.
Hypertension status. Arterial blood pressure was measured with a mercury sphygmomanometer after sitting for at least 15 min. Blood pressure measurements were taken according to the Joint National Committee VII criteria (JNC VII) [3] . Three readings were taken at 5-min intervals. [4] . Cardiovascular disease was defined as self-report of diagnosis by a doctor or other health professional of congestive heart failure, coronary heart disease, angina, stroke or heart attack.
Statistical analysis
Data entry and management were performed on Epidata software, version 3.0 (Epidata Association, Odense, Denmark). All analyses and calculations were performed using SPSS statistical package, version 10.0 (SPSS, Inc., Chicago, IL, USA). Data were presented as the mean ± standard error for continuous variables and as proportions for categorical variables. Quantitative variables were summarized in terms of means and 95% confidence interval (CI). Differences between subjects were analysed by two-tailed unpaired t-test for continuous data and chi-square test for categorical data. Univariate and multivariate logistic regression analyses were used to estimate the odds ratio (OR) and CI comparing associated risk factors on CKD occurrence. P <0.05 was considered significant. CKD prevalence, defined as presence of at least one of albuminuria, haematuria and eGFR values <60 mL/min/ 1.73 m 2 , was calculated by demographic characteristics (i.e. age, gender, education level, smoking and family history) and by CKD risk factors (diagnosed diabetes, diagnosed cardiovascular disease, hypertension, hyperuricaemia, high haematocrit, obesity, central obesity, etc.). Estimates by demographic characteristic and risk factor were age-and gender-standardized to the Tibet standard population aged ≥18 years based on the data from the China Population Census in 2000 (http://www.tibet.stats.gov.cn).
Results
We conducted a population-based screening in Lhasa city and Dangxiong County. A total of 1355 subjects were enrolled, and 1289 (94%) of these subjects had a complete dataset and were entered into the final analysis. The demographic and clinical characteristics of the study population are shown in Table 1 . The prevalence of hypertension was 38.8% (95% CI: 36.2-41.5) and of diabetes was 2.9% (95% CI: 1.9-3.8), respectively. Obesity was present in 16.7% (14.6-18.8), while the prevalence of central obesity was 41.2% (95% CI: 39.2-43.2). There were 11.3% of participants (95% CI: 9.5-12.9) who met the criteria for metabolic syndrome.
Prevalence and awareness of CKD Prevalence of CKD. The overall prevalence of CKD (stages 1-5) was 19.1% (95% CI: 17.9-22.3%) after adjustment for age and gender ( Table 2 ). The prevalence of CKD in CKD stage from 1 to 5 was 12.8%, 4.6%, 1.1%, 0.3% and 0.3%, respectively. The prevalence of CKD was Prevalence and risk factors of CKD in Tibetan population 1593
higher in the subjects with hyperuricaemia (32.3% versus 12.5%, P = 0.0001), hypertension (29.2% versus 11.9%, P = 0.0001), hyperlipidaemia (23.1% versus 10.1%, P < 0.001) and metabolic syndrome (21.8% versus 12.1%, P < 0.001) compared with subjects without these indicators, respectively. No difference of CKD prevalence was found between male and female subjects (18.9% versus 19.9%, P = 0.45), but the prevalence of CKD increased with increasing age in both groups (P < 0.001 across age groups).
Albuminuria. The prevalence of albuminuria was 16.2% (95% CI: 14.1-18.2%, Table 2 ) with microalbuminuria and macroalbuminuria present in 13.4% and 2.8% of participants, respectively. Albuminuria was higher in women (17.8% versus 14.4%, P = 0.01) and increased with age in both genders (P < 0.001 for both men and women, respectively). Albuminuria was more frequent in subjects with diabetes, metabolic syndrome and hypertension (25.8%, 27% and 25.2%, respectively) compared with those without The prevalence of CKD based on albuminuria and/or eGFR <60 mL/min/1.73 m 2 , and/or haematuria. (15.1%, 14.2% and 11.1%, respectively). The prevalence of albuminuria was 31.3% in the subjects with both hyperuricaemia and hypertension. The highest prevalence of albuminuria was found in the subjects with hyperuricaemia, hypertension and diabetes. The prevalence of albuminuria in the subjects with hyperuricaemia, hypertension, metabolic syndrome, diabetes alone or combinations with each other are shown in detail in Table 3 . The prevalence of albuminuria was increased across the different blood pressure categories as both unadjusted and adjusted for haematocrit (Table 4 ). The prevalence of hypertension as adjusted for haematocrit in participants with microalbuminuria or macroalbuminuria was 50.3% and 54.8%, respectively (Table 5 ).
Haematuria. Haematuria was observed in 3.9% (95% CI: 2.8-4.9%, Table 2 ) of participants. Haematuria was more common in women than in men (5.1% versus 2.5%, P = 0.04). In most cases (64.9%), the haematuria was isolated haematuria without albuminuria or reduced eGFR, and of these, 81.2% subjects were female.
eGFR. Reduced eGFR (<60 mL/min/1.73 m 2 , CKD stage 3 or lower; Table 2 ) was found in 2.1% of participants (95% CI: 1.3-2.8%). The prevalence of reduced eGFR was higher in women than in men (3.1% versus 1.9%, P = 0.01), and was associated with increased age in both genders (P < 0.001). The prevalence of reduced eGFR was higher in the subjects with high haematocrit or hypertension (3.9% and 2.9%, respectively) compared with those without higher haematocrit or hypertension (1.6% and 1.9%, respectively). The prevalence of reduced eGFR was higher in subjects with both high haematocrit and hypertension compared with those without both indicators (18.2% versus 1.1%, P < 0.001). The relationship between haematocrit and reduced eGFR is shown in Figure 1 .
Hyperuricaemia was common (38.4%) in subjects with normal haematocrit and was higher in those with polycythaemia (61.6%, P = 0.03). The percentage of subjects with hyperuricaemia in different stages of CKD is shown in Figure 2 .
Awareness of CKD
Only 5.3% of the subjects with CKD were aware of having CKD. No difference of awareness rates was found in different gender and age groups. The awareness of CKD increased with the decline of renal function, with CKD stages from 1 to 5 of 1.5%, 3.8%, 6.8%, 9.7% and 50%, respectively. Table 6 shows the prevalence of indicators of CKD in Tibet, Guangzhou [1] and Beijing (data were adopted from the study by Zhang et al. [5] ). Overall,~19.1% (95% CI: 17.9-22.3%) of the Tibetan population has CKD. Compared with the prevalence in the Guangzhou and Beijing, the prevalence of CKD in Tibet is significantly higher. Prevalences of microalbuminuria and macroalbuminuria in the population of Tibet are also higher than that of Guangzhou and Beijing population, respectively. Table 7 shows the adjusted OR for the presence of CKD. Hypertension (either higher systolic or diastolic blood pressure), hyperuricaemia, metabolic syndrome, hyperlipidaemia and older age were independently associated with the occurrence of CKD. Table 8 shows the adjusted OR for the presence of albuminuria. Hypertension (either higher systolic or diastolic blood pressure), high haematocrit, hyperuricaemia, metabolic syndrome, hyperlipidaemia and older age were independently associated with albuminuria. Table 9 shows the adjusted OR for the presence of reduced eGFR. Microalbuminuria, hyperuricaemia, hypertension, high haematocrit, usage of nephrotoxic medications and older age were independently associated with reduced renal function. Table 10 shows the adjusted OR for the presence of haematuria. Microalbuminuria and female gender were independently associated with haematuria. Albuminuria was highly associated with hypertension, hyperuricaemia and high haematocrit (OR = 2.05, 1.88 and 1.72, respectively). Hypertension was strongly associated with both hyperuricaemia and high haematocrit (OR = 1.75 and 1.38, respectively). Furthermore, hyperuricaemia was also associated with both albuminuria and hypertension (OR = 1.88 and 1.65, respectively).
Comparison of prevalence of CKD between other studies in China
Associated risk factors of CKD
Discussion
In the Tibetan study population, the prevalence of reduced eGFR (eGFR < 60 mL/min/m 2 or stage 3 CKD or lower) was only 2.1%, and was associated with relatively low frequencies of diabetes (2.9%), hyperlipidaemia (27.4%) and obesity (16.7%). These results contrast with Guangzhou in which reduced eGFR was found in 3.2% of the general population associated with higher frequencies of diabetes (5.5%) and hyperlipidaemia (41.4%) [1] , suggesting less influence of Western culture and diet in Tibet compared with Guangzhou. The major finding was a marked increased prevalence of albuminuria (16.2%) and hypertension (38.8%), both of which were strongly associated with hyperuricaemia and elevated haematocrit. A similar association of hypertension, proteinuria, polycythaemia and hyperuricaemia has been observed at high-altitude areas in other regions of the world [6] [7] [8] [9] ; thus, we suggest that further studies are needed to better understand this association in high-altitude areas.
Despite a relatively lower frequency of diabetes and reduced eGFR in the Tibetan population, 19.1% of Tibetan adults had at least one indicator of kidney damage, which is higher than that observed in southern (12.1%) or northern (13%) China [1, 10, 5] . Notably, the remarkably higher prevalence of both microalbuminuria (13.4%) and macro- Fig. 1 . The relationship between haematocrit and prevalence of CKD stage 1-5. The prevalence of CKD was significantly increased in high haematocrit group compared with that in normal haematocrit group in stage 1-4 (P < 0.001). albuminuria (2.8%) in Tibetans is the main cause of high prevalence of CKD. There are several potential mechanisms that could explain the increased frequency of hypertension and albuminuria in this 'high-altitude' population. Firstly, it is possible that hypoxia itself may cause low-grade renal injury and hypertension. Vaziri and Wang demonstrated that exposure of rats to intermittent hypobaric hypoxia could induce hypertension [11] . Using the same model, Mazzali et al. showed that this resulted in renal microvascular and tubulointerstitial injury with the development of hyperuricaemia [12] . While there was a transient elevation in erythropoietin in this model, it was not sustained and did not correlate with the persistence of hypertension [11] . Furthermore, a rise in haematocrit also occurred, but blood pressure continued to be elevated despite correction of the polycythaemia by phlebotomy. Thus, it is possible that hypoxia per se could be responsible for the renal injury. Indeed, the kidney is normally borderline hypoxic in the outer medulla, and as such, is potentially more susceptible to conditions associated with reduced oxygen delivery [13] . Hypoxia itself has also been shown to induce cell proliferation and stimulate collagen production in fibroblasts [14] .
An alternative possibility is that renal injury and hypertension could be driven by polycythaemia. Polycythaemia is observed with cyanotic congenital heart disease, polycythaemia vera, and high altitude, which may contribute to an increase in frequency of proteinuria, hypertension and hyperuricaemia [7, 15, 16] . Renal biopsies, if performed, have often shown the presence of glomerulomegaly [17, 17] . It is possible that polycythaemia might contribute to renal injury due to effects on viscosity [17] . Nevertheless, the experimental studies by Vaziri and Wang suggest that hypertension in the setting of hypobaric hypoxia is not due to the polycythaemia per se [17] .
An additional possibility is that high-altitude hyperuricaemia could play a role in renal injury and hypertension. Uric acid is generated in the setting of hypoxia, due to increased breakdown of adenine nucleotides and the effect of lactate to reduce uric acid excretion. Recent experimental models have suggested a potential causal link between uric acid and hypertension and renal disease [18] [19] [20] [21] . The mechanism appears to be mediated by the induction of endothelial dysfunction and oxidative stress, and this is associated with glomerular hypertension with a relative preservation of GFR [22] [23] [24] [25] . Recent clinical studies also support a causal role for uric acid in some forms of hypertension [26] and renal disease [27] . In a study performed in the Andes in Cerro de Pasco, Jefferson et al. noted a striking association of high-altitude polycythaemia, hypertension and mild proteinuria with the presence of hyperuricaemia and increased oxidative stress [7] [8] [9] . The mechanism by which uric acid raises blood pressure and induces renal disease appears to involve, at least in part, the stimulation of both the systemic and tissue renin-angiotensin system [18, 21, 26, 28] . In this regard, the use of ACE inhibitors has been reported to be beneficial in the treatment of proteinuria and hypertension in subjects living at high altitude [11] . Proof that the uric acid may be the cause, however, will require studies in which uric acid is lowered by a uricosuric or xanthine oxidase inhibitor. Genetic factors may also be associated with the increased frequency of hypertension in the Tibetan population. A survey of blood pressure conducted by Sun et al. showed that the prevalence of hypertension was high in Tibetans in comparison with the Han Chinese and also in comparison with subjects living at other high-altitude regions of the world [29] . The National Nutrition and Health Survey of China in 2002 showed that the highest prevalence of hypertension in the Chinese were Tibetan (25.6% in male and 24% in female) [30] . Liu et al. also reported that the A1166 allele of the AT1R gene may be a predisposing factor for essential hypertension in Tibetan males [31] . Thus, genetic factors could contribute to the high frequency of hypertension in this population.
Environmental toxins could also have a role in this association we observed in Tibet. Studies in Cerro de Pasco, Peru showed that the syndrome of hypertension, proteinuria and polycythaemia correlated with increased serum levels of cobalt [8] . Subjects in Cerro de Pasco were likely exposed to cobalt from the local mines. In turn, cobalt increases expression of the transcription factor HIF-1α that drives erythropoietin production. While mining is not common in Tibet, there are certain regions of Tibet where there are nickel mines. Because nickel can also activate HIF-1α, it may be interesting to evaluate the possibility of nickel toxicity in the pathogenesis of albuminuria and hypertension observed in our study.
The present study has certain limitations. Firstly, the cross-sectional design of the present study makes it impossible to infer a causal relationship between indicators of CKD and the associated factors. Furthermore, this study did not include the salt intake survey in the questionnaire, which may be a possible cause of or may have influence on the high prevalence of hypertension and proteinuria.
In conclusion, this study is the first population-based study of CKD in Tibetans, and is important in the light of the unknown prevalence and risk factors of CKD under high-altitude conditions. The most striking finding in the high-altitude living population was a marked increased prevalence of albuminuria (16.2%) and hypertension (38.8%), both of which were strongly associated with hyperuricaemia and elevated haematocrit. Future rigorous investigations are required both to confirm the association of hypertension, albuminuria, hyperuricaemia and polycythaemia with renal injury in Tibetans, and to investigate the role of these putative causal factors for CKD associated with high altitude.
